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We have investigated with high resolution the timing of retinal precursor cell commitment to speci®c differentiated fates,
using an in ovo modi®cation of the in vitro ``window-labeling'' technique (A. M. Repka and R. Adler, J. Histochem.
Cytochem. 40, 947±953, 1992a). The method involves an initial injection of tritiated thymidine into chick embryos,
followed a speci®ed number of hours later by an injection of bromodeoxyuridine (BrDU); cells born during this period are
identi®ed by being labeled with thymidine but not with BrDU. We used this method to determine, in a narrow region
adjacent to the choroid ®ssure, the fate of cells born during de®ned 5-hr intervals between Embryonic Days (ED) 4±8. All
the cohorts gave rise to heterogenous differentiated populations, indicating that time of cell birth is not a major cell fate
determinant. A progressive restriction in the developmental potential of precursor cells, however, was suggested by the
observed decrease in the number of different populations generated during each 5-hr period from ED 4 to 8, and supported
also by dissociated cell culture experiments investigating the fate of cells born at different developmental stages. Microenvi-
ronmental in¯uences were tested in vitro using cells windowed-labeled in ovo for 5 hr on ED 5. After spending at least
72 hr within the retina before their isolation for culture, these cells mimicked their in vivo fate, giving rise predominantly
to nonphotoreceptor neurons; a completely different behavior was observed when the cells were isolated after shorter
exposures to the retinal microenvironment, when they gave rise predominantly to photoreceptors. Together with data
demonstrating that differential cell death cannot account for these results, our results are consistent with the hypothesis
that cell fate determination occurs after the time of terminal mitosis. q 1996 Academic Press, Inc.
INTRODUCTION is the neural retina. The adult retina consists of at least
seven different cell types that derive from the inner layer
One of the most challenging areas in developmental neu- of the optic cup, a pseudostrati®ed epithelium in which
robiology is the study of the mechanism whereby an appar- all the cells are morphologically similar, mitotically active
ently homogeneous population of proliferating neuroepithe- (Fujita and Horii, 1963), and, according to lineage tracing
lial cells gives rise to an orderly array of differentiated cell studies, apparently not committed to speci®c fates (Turner
types in a mature organ. The commitment of undifferenti- and Cepko, 1987; Holt et al., 1988; Wetts and Fraser, 1988;
ated precursor cells to speci®c phenotypic fates is thought Turner et al., 1990). Many different studies have shown that
to result from microenvironmental inductive signals, but various retinal cell types become postmitotic (are ``born'')
their nature, mechanism of action, and timing remain in a predictable sequence, although there is much overlap
largely unknown (Greenwald and Rubin, 1992; Jessell and in their birthdates as well as species-speci®c differences
Melton, 1992; Harris, 1993). One of the tissues that is best (Fujita, 1963; Fujita and Horii, 1963; Holly®eld, 1968, Sid-
suited for the investigation of such inductive interactions man, 1970; Morris, 1973; Kahn, 1974; Young, 1985; Stone,
1988; Spence and Robson, 1989; Snow and Robson, 1994).
It is not yet clear, however, whether their determination1 To whom correspondence should be addressed. Fax: (410) 955-
0749. E-mail: radler@ishtar.med.jhu.edu. happens at the time of or after terminal mitosis. Antigenic
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markers considered characteristic of differentiated cells suming grain counts (e.g., Carter-Dawson and LaVail, 1979).
A complicating factor is the asynchrony of proliferatinghave been found in some cells immediately following termi-
nal mitosis in the chick (Watanabe et al., 1991; Snow and cells in developing embryos; as a result, those cells that are
at the end of their last S phase when 3HT is ®rst madeRobson, 1994; Waid and McLoon, 1995) and zebra®sh reti-
nas (Larison and BreMiller, 1990). The possibility has not available will appear more lightly labeled than those born
after being exposed to 3HT during their entire terminal Sbeen excluded, however, that these antigens may also be
transiently expressed in cells other than those that display phase. Moreover, the absence of autoradiographic grains
from cell nuclei may re¯ect either the birth of the cellsthem in the adult, or whether these antigens might be ex-
pressed in cells that are differentiating but not yet commit- before the 3HT pulse or the dilution of the label by repeated
division of cells that remained mitotically active. Althoughted to a speci®c fate.
Possible inductive effects of environmental factors on useful for some applications, in summary, both cumulative
and pulse-labeling methods have lower temporal resolutionprecursor cells have been suggested both by in vivo ablation
experiments (Reh and Tully, 1986; Reh, 1987; Raymond et than is needed for detailed analysis of correlations between
cell birth and cell differentiation.al., 1988) and by in vitro studies using rat cells (Watanabe
and Raff, 1990, 1992; Altshuler and Cepko, 1992; Harris and To overcome these limitations, we have now adapted to
Messersmith, 1992; Altshuler et al., 1993; Fuhrmann et al., the ``in vivo'' situation the ``window-labeling'' technique
1995). Results from this and other laboratories, on the other described by Repka and Adler (1992a) for accurate determi-
hand, suggest that retinal precursors remain uncommitted nation, with a resolution of hours, of the time of terminal
even after terminal mitosis (Adler and Hatlee, 1989; re- mitosis in vitro. In this method, a ``window'' of time is
viewed by Price, 1989; Reh and Kljavin, 1989; Watanabe de®ned by the initial administration of 3HT, followed 5
and Raff, 1990; Harris and Hartenstein, 1991). In our low- hr later by administration of BrDU, which is constantly
density culture studies, precursor cells born before Embry- available thereafter; with this technique, the only 3HT(/)/
onic Day 5 (ED 5) gave rise predominantly to photoreceptors BrDU(0) ``window-labeled'' cells are those that complete
when isolated from embryos on ED 6, but gave rise predomi- their last round of DNA synthesis after 3HT injection, but
nantly to nonphotoreceptor neurons when isolated from before BrDU becomes available. The window-label tech-
embryos on ED 8 (Adler and Hatlee, 1989). These results nique has now been used to study the differentiated fate of
suggested that the fate of postmitotic precursors could be de®ned temporal cohorts of precursors cells in the chick
changed as a result of their exposure to the retinal microen- retina in ovo; the phenotypic plasticity of postmitotic cells
vironment prior to their isolation for cell culture; a major was also tested by studying, in dissociated cell cultures, the
caveat for the interpretation of these results, however, was differentiation of precursor cells isolated at various times
the uncertainty about the exact time of birth of individual after terminal mitosis.
precursors, which could only be estimated with a resolution
of several days (Adler and Hatlee, 1989).
The investigation of possible correlations between cell
birth and cell differentiation requires the availability of ac-
MATERIALS AND METHODScurate, high-resolution methods for detecting the time of
terminal mitosis of precursor cells (reviewed by Sidman,
1970). Much of the information generated to date has been In Ovo Labeling Protocols
obtained with techniques based on the incorporation of pre-
cursor molecules [either [3H]thymidine (3HT) or bromodeox- White Leghorn chicks were used for all experiments. Eggs were
yuridine (BrDU)] into the DNA of dividing cells during the candled, cleaned with alcohol, and their air chamber was penetrated
S phase of the mitotic cycle. Such single labeling methods, with a needle; a small square was opened on the shell, near the
although useful, have some limitations. In a cumulative position occupied by the embryo, using a Dremel tool, according
labeling paradigm, for example, 3HT is kept continuously to standard protocols, and was covered with Transpore tape (3MM,
St. Paul, MN). Several embryos from each group were extractedavailable after its initial administration; this method only
from their shells and staged according to Hamburger and Hamiltonallows discrimination between unlabeled cells, born at any
(1951) before addition of 3HT and/or BrDU to the remaining em-time prior to the onset of the labeling period, and labeled
bryos. DNA precursors used were tritiated thymidine (3HT; Amer-cells, born at any time thereafter. In the ``pulse-labeling''
sham, Arlington Heights, IL, sp act 25 Ci/mmol; 1 mCi/ml) andparadigm, on the other hand, 3HT is made available to cells
bromodeoxyuridine (Sigma, St. Louis, MO), diluted in 0.9% sterilefor a limited period of time, is incorporated in the nuclei of
saline to ®nal concentrations of 30 mCi/100 ml and 25 mg/100 ml,
all the cells that go through S phase during the period of respectively; they were administered dropwise onto the embryo3HT availability, and becomes progressively diluted in cells through the shell window. In the most frequently used protocol,
that continue to divide thereafter. The time of cell birth is 5-day-old embryos received ®rst 15 mCi of 3HT followed 5 hr later
therefore determined based on the autoradiographic distinc- by 25 mg of BrDU; BrDU administration was repeated on ED 6 (5
tion between ``heavily'' and ``lightly'' labeled cells, which mg), and ED 7 and 8 (10 mg). Other single and sequential labeling
protocols are described under Results and in the Appendix.is not always straightforward and may require time-con-
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and autoradiography essentially as described by Repka and AdlerImmunocytochemistry, Histochemistry, and
(1992a), with the exception the BrDU was detected with the ABCAutoradiography
method as described above, rather than with ¯uorescent secondary
After different periods of time, labeled embryos were processed antibodies.
for histological analysis, immunocytochemistry, and/or autoradi-
ography. Enucleated eyes were ®xed overnight at 47C in 4% para-
formaldehyde in 0.1 M phosphate-buffered saline (PBS) and embed-
Quantitative Analysis of Window-Labeled Cells inded in paraf®n. For BrDU immunodetection, deparaf®nized, rehy-
drated 4-mm sections were incubated for 2±16 hr in 10% normal the Retina
goat serum (NGS; Gibco/BRL, Grand Island, NY) in 0.5% Triton
Quantitation of the number of window-labeled cells in sectionsX-100 in PBS, washed three times in PBS, and incubated at 707C
of retina was accomplished by counting cells in 180-m2 areas infor 1 hr in 95% deionized formamide in 0.31 SSC (11 SSC: 8.8 g
either side of the origin of the optic nerve. Ten sections from eachNaCl, 4.4 g sodium citrate per liter of water, pH 7.0), followed by
of three eyes (from different embryos) were counted for each condi-two 15-min washes in PBS at 47C. Sections were then incubated
tion by an investigator who was unaware of the identity of theovernight at 47C with a mouse monoclonal antibody against BrDU
samples. Window-labeled cells in retinal cultures were quanti®ed(Amersham) diluted 1:10 in PBS containing 2% horse serum, 0.5%
by counting at 4001 the number of cells in 25 ®elds/dish, analysisTriton X-100, and 0.25% sodium azide, rinsed in PBS, and incu-
was carried out on 3±5 dishes/experiment, and experiments werebated sequentially with 1:500 biotinylated horse anti-mouse IgG
repeated three times. Statistics were done with Macintosh versions(Vector Labs, Burlingame, CA) in PBS with 0.5% Triton X-100 for
of Microsoft Excel or SigmaPlot.2±3 hr, and with a 1:1000 avidin±biotin complex (ABC peroxidase
kit, Vector) in PBS for 2 hr at room temperature. Sections were
rinsed brie¯y with PBS and 0.1 M phosphate buffer (pH 7.2), and
peroxidase activity was detected according to the manufacturer's
instructions. After further rinses in PBS and distilled water, sec- RESULTS
tions were either coverslipped with Polymount (Polysciences, War-
rington, PA) or air-dried for autographic processing. For autoradiog-
Three Populations of Cells Are Evident in Tissuesraphy, sections were coated with a 1:1 dilution of Kodak NTBII
Nuclear track emulsion in water, exposed for approximately 2 from Window-Labeled Embryos
weeks at 47C in light-tight slide boxes, developed for 6 min (2.5%
A series of control experiments were carried out to adaptsodium sul®te, 0.1% KBr, 0.45% 2,4-diamonophenol dihydrochlo-
the window-label technique (Repka and Adler, 1992a) forride), washed in tap water, and ®xed for 3 min in 5% sodium thio-
sulfate. After further rinses in distilled water, sections were cover- use in ovo; for clarity, they will be described in the Appen-
slipped using Polymount. dix. The protocol used for most of the studies described
below involves an initial injection of 3HT on Embryonic
Day 4, 5, 6, 7, or 8, followed by injections of BrDU 5 hr
Generation and Processing of Low-Density later, and at daily intervals thereafter until ED 8 to ensure
Cultures its constant availability during active cell proliferation in
the retina (see Fig. 1A). As shown in Fig. 1B, three differentWhole retinas from embryos window-labeled on ED 5 with 3HT
and BrDU as described above were isolated on either ED 6 or 8, cell populations can be expected using this method: (1)
and processed for low-density, glial- and pigment epithelium-free 3HT(0)/BrDU(0) cells, representing those born before the
cultures as previously described (Adler, 1990). In some additional addition of 3HT, (2) 3HT(/)/BrDU(0) window-labeled cells,
experiments performed with retinas isolated on ED 7, only the born during the period when 3HT was available, but BrDU
region adjacent to the choroid ®ssure was used. This region was was not yet present, and (3) 3HT(/)/BrDU(/) or 3HT(0)/
isolated by pushing the edge of a trephine (Storz Instruments, St. BrDU(/) cells, which continued to divide following the on-
Louis, MO) through the retina and RPE. The neural retinas and
set of BrDU availability. These three cell populations wereretinal punches were then freed from the retinal pigment epithe-
indeed recognized in sections of window-labeled retinaslium and other tissues, dissociated in 0.5% trypsin at 377C for
(Figs. 3A±3D). Moreover, when the time between 3HT and20 min, triturated using small-gauge glass pipets, and seeded onto
the ®rst BrDU injection was increased, there was an in-polyornithine-treated culture dishes in medium 199 (Gibco/BRL,
Grand Island, NY) with 10% fetal calf serum (Hyclone, Lot No. crease in the number of window-labeled cells, a concomi-
11112086, Logan UT, or Atlanta Biologicals, Lot No. 4000F, Nor- tant decrease in the number of BrDU(/) cells, and no change
cross, GA), 110 mg of linoleic acid/albumin per milliliter of me- in the number of 3HT(0)/BrDU(0) cells (Figs. 2 and 3A±3D).
dium, and 3 mg of BrDU per milliliter of medium. Propidium iodide These results are consistent with theoretical predictions of
exclusion was studied by adding to the cultures a propidium iodide the window-label paradigm (see Repka and Adler, 1992a).
stock (10 mg/ml in medium 199) to reach a ®nal concentration of The applicability of the window-labeling technique to other
2.5 mg/ml of medium. After a 15-min incubation, cultures were
embryonic tissues is illustrated by the presence of window-rinsed twice in medium 199 (5 min each rinse), ®xed in 4% para-
labeled, unlabeled, and BrDU-labeled cells in spinal cord offormaldehyde in PBS for 30 min, and coverslipped with Polymount.
ED 18 embryos window-labeled on ED 6 (Figs. 3E and 3F),Cells grown in vitro for 2 hr or 4 days were ®xed with 95%
as well as in the dorsal root ganglia, heart, and small intes-ethanol and 5% glacial acetic acid for 20 min at room temperature,
rinsed 31 in PBS, and processed for BrDU immunocytochemistry tine (data not shown).
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halves of the remaining inner nuclear layer (OINL and IINL,
respectively), and the ganglion cell (GC) layer (see Fig. 3).
Of the cells generated in the sampled area during window-
label periods on ED 4 through ED 8 (WL4±8; see Fig. 6),
approximately 80% were actually born during WL5±7. Each
of these periods contributed between 23 and 31% of the
total number of cells generated during WL4±8, while the
remaining 20% were evenly contributed by WL4 and WL8.
When the number of window-labeled cells in each layer was
expressed as a percentage of the total number of window-
labeled cells counted at each stage, a surprising 47% of the
cells born on WL4 were found in the IINL (Fig. 4), while
each one of the other layers (ONL, HC, OINL, GC) received
9±16% of the WL4 cells (Fig. 4). When compared with WL4,
WL5 showed an increase in the frequency of cells that differ-
entiated into photoreceptors (23.3 { 1.3%), and a decrease
(to 37.5{ 6.5%) in the frequency of cells found in the IINL.
WL5 contributions to the other three layers were similar to
those from WL4. While a similar pattern was maintained on
WL6, only OINL and IINL cells were generated in signi®cant
numbers during WL7±8 . OINL/IINL ratios were 54%/43%
and 61%/39% for WL7 and WL8, respectively. The re-
maining cells born on WL7 (3 { 2.3%) were found in the
horizontal layer (Fig. 4).
When the same data were replotted to evaluate the time
of birth of each population, ®ve different, but overlappingFIG. 1. (A) Diagrammatic representation of a window-label proto-
col used to identify cells undergoing terminal mitosis during a 5-
hr period on ED 5. 3HT (15 mCi) was added through an opening
made in the eggshell, followed 5 hr later by 25 mg of BrDU. BrDU
administration was repeated thereafter until ED 8, to keep it con-
stantly available to cells that continue to divide. The embryos were
allowed to survive until ED 12±18, ®xed, processed for BrDU im-
munocytochemistry and 3HT autoradiography, and analyzed (see
Materials and Methods and Appendix for details). (B) Diagrammatic
representation of the three populations of cells observed in a win-
dow-label procedure (adapted from Repka and Adler, 1992a). Cells
that undergo terminal mitosis (are ``born'') prior to the addition of
3HT are unlabeled (1), while cells that continue to divide following
addition of BrDU are labeled either with BrDU alone or with BrDU
and 3HT (3). The only cells labeled with 3HT, but not with BrDU,
are those undergoing their last round of DNA duplication after 3HT
autoradiography but before BrDU administration [window-labeled
cells (2)].
FIG. 2. Quantitative analysis of the frequency of unlabeled, win-
dow-labeled, and BrDU-labeled cells as a function of the duration
of the interval between 3HT and BrDU administration. 3HT wasRetinal Precursors Give Rise to Speci®c Cell Types administered on ED 5, and replicate embryos received BrDU 2, 4,
in a Sequential but Overlapping Manner 8, 12, 24, 50, or 72 hr later. The embryos were ®xed on ED 18, and
processed for BrDU immunocytochemistry and 3HT autoradiogra-The differentiation of cells born during 5-hr intervals on
phy (see Materials and Methods). The number of cells that werespeci®c days during retinal development was investigated
3HT(/)/BrDU(0) (window-labeled; open circles), 3HT(/)/BrDU(/)by window-labeling embryos on ED 4, 5, 6, 7, or 8, and
(open squares), or unlabeled (closed diamonds) were quanti®ed instudying their retinas on ED 18 by BrDU immunocyto-
a 180-mm2 region on either side of the choroid ®ssure. As predicted
chemistry and autoradiography. The number of 3HT(/)/ (Repka and Adler, 1992a), the data show that increasing the inter-
BrDU(0) (WL) cells was quanti®ed in a 180-mm2 region adja- vals between 3HT and BrDU administration results in increases in
cent to the choroid ®ssure; the number of WL cells was the number of window-labeled cells, decreases in the number of
separately recorded for ®ve distinct regions: the outer nu- 3HT(/)/BrDU(/) cells, and no changes in the number of unlabeled
cells.clear layer (ONL), horizontal cell layer (HC), outer and inner
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FIG. 6. Distribution of cells window-labeled on different days of development. Embryos were window-labeled on ED 4 (WL4), ED 5 (WL5),
ED 7 (WL7), and ED 8 (WL8) and allowed to develop until ED 18, when they were ®xed, sectioned, and processed for BrDU immunocytochem-
istry and 3HT autoradiography. Photomicrographs were taken with Nomarski optics, focusing either on the tissue (A, C, E, G) or on the
autoradiographic grains (B, D, F, H). Cells window-labeled on ED 4 (A, B) can be seen in the GC, OINL, HC, and ONL regions. WL5 cells
(C, D) are present in the same regions, but appear more abundant than WL4 cells. WL7 cells (E, F) are found predominantly in the INL
and are absent from the GC and OINL regions. Very few WL8 cells can be observed (G, H) and are also restricted to OINL and IINL regions.
Bar, 50 mm.
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Precursor Cells Born on ED 5 Show Plasticity in
Their Fate
If precursor cells were committed to speci®c phenotypic
fates at the time of their terminal mitosis, the distribution
of cell types generated by each population of window-la-
beled cells when placed in dissociated culture should not
be in¯uenced by the stage at which they are isolated from
the embryo. We tested this hypothesis by window-labeling
cells in ovo on ED 5, and isolating cells from whole retinas
for culture on either ED 6 or 8. In both cases, BrDU was
present in the cultured medium to ensure that this precur-
sor would be available to cells that continued to divide in
vitro. After 4 days in vitro, cultured cells were ®xed and
processed for BrDU immunocytochemistry and autoradiog-
raphy (Fig. 7). In addition, control embryos were window-
FIG. 4. Quantitative analysis of the number of cells born during labeled on ED 5, but were allowed to survive until ED 18;
5-hr periods on ED 4±8. Embryos were window-labeled on ED 4,
sections of their retinas were processed for immunocyto-5, 6, 7, or 8, allowed to survive until ED 18, and processed for
chemistry and autoradiography, and analyzed as describedBrDU immunocytochemistry and autoradiography. The number of
under Materials and Methods.window-labeled cells in each layer/sublayer (de®ned as described
in the legend to Fig. 3) was counted in an area adjacent to the
choroid ®ssure (see Materials and Methods). For each WL period,
the number of cells in each retinal sublayer was expressed as a
percentage of the total number of WL cells in the sampled area.
distributions were observed (Fig. 5). Most photoreceptors
were born between WL5 and WL6 (43{ 13.8 and 42{ 14.4%,
respectively), with 14 { 2.9% being born on WL4 and few,
if any, being born on WL7±8. The pattern was relatively
similar for horizontal cells, since 41 { 2.2% were born on
WL5 , and 32 { 8.6% on WL6; however, the remaining hori-
zontal cells were generated in approximately equal numbers
on WL4 and WL7. The broadest distribution in cell birth
was observed in the OINL and the IINL. A peak (41 { 7.3%)
was observed in the OINL on WL7, with WL5,6,8 contributing
between 13 and 24%, and a few cells being generated in
FIG. 5. Time of birth of cells in each retinal layer. Embryos wereWL4 (4.7 { 1.6%). The IINL, on the other hand, showed a
window-labeled for 5 hr on ED 4, 5, 6, 7, or 8, allowed to survivefairly symmetrical curve that peaked on WL6, when 31 {
until ED 18, and processed for BrDU immunocytochemistry and3.2% of the cells were born. Approximately 23% of the IINL
autoradiography. The number of WL cells in each retinal layer/were born on WL5 and WL7, and nearly 10% were born on sublayer, de®ned as described in the legend to Fig. 3, was countedboth WL4 and WL8. Finally, ganglion cells showed several as described under Materials and Methods. For each retinal layer,
similarities to photoreceptors, including the generation of the number of cells contributed by each WL period is expressed as
a majority of cells on WL5 (41 { 10.4%), followed by WL6 a percentage of all the WL cells observed in that layer in all the
(37 { 11.1%). However, 22 { 2.5% of the ganglion cells samples. Note that the generation of cells in the two external re-
were born on WL4, representing a higher fraction than that gions (ONL and GC) is completed before that of the central (OINL
and IINL) regions.of the photoreceptors born on the same day (14 { 2.3%).
FIG. 7. Dissociated cultures of retinal cells window-labeled for 5 hr in ovo on ED 5 and isolated for culture either 24 hr (C,D) or 72 hr
(A,B) after the end of the labeling period. Cultures were ®xed after 4 days in vitro and processed for BrDU immunocytochemistry and
autoradiography (see Materials and Methods). Phase-contrast microscopy better illustrates the morphology of the cells (A,C), while bright-
®eld images of the same ®elds allow visualization of the presence of BrDU immunoreactivity and/or autoradiographic grains (B,D). Window-
labeled photoreceptor (arrows; A,B) and neuron (arrows; C,D) are illustrated, as are several BrDU(/) cells (arrowheads, A±D). Quantitative
analysis of these cultures is shown in Fig. 8. Bar, 50 mm.
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tures; of the number of WL5 cells/25 microscopic ®elds pres-
ent at culture onset on ED 6 (929 { 106) and ED 8 (906 {
62), 54 { 7 and 54 { 3%, respectively, were present after 4
days in vitro. Additional evidence was generated by determi-
nation of the number of cells that failed to exclude propidium
iodide in the cultures. Two hours following seeding, the aver-
age numbers of propidium iodide-stained cells per 25 ®elds
were 105 { 17 in ED 6 cultures, and 147 { 55 in ED 8
cultures (n  7 in each case). Four days after seeding the
numbers were 275{ 74 and 270{ 82 for ED 6 and 8 cultures,
respectively (n  7 in both cases). Differences between ED
6 and ED 8 were not statistically signi®cant in either case
(two-tailed t test, P 0.05). Therefore, the data appear more
consistent with the contention that at least some of the WL5
cells remain plastic after terminal mitosis; the fact that we
never observed 100% becoming photoreceptors cautions
FIG. 8. In vitro fate of a cohort of contemporary cells, as a function against generalizing this conclusion to all precursor cells.
of their exposure to the retinal microenvironment prior to their
isolation for culture. Embryos were window-labeled for 5 hr on
ED 5, and either allowed to develop until ED 18 or processed for Cultures of Cells Window-Labeled on ED 7
dissociated retinal cultures 24 or 72 hr after the end of the WL
We also investigated the fate of cells born on ED 7, inperiod (WL / 24 and WL / 72 hr, respectively). Cell cultures ®xed
order to determine whether, as suggested by the in vivoafter 4 days in vitro, and cultures and histological sections were
studies, the developmental potential of precursor cells be-processed for BrDU immunocytochemistry and 3HT autoradiogra-
come more restricted as they undergo terminal mitosis atphy. In ED 18 embryos, approximately three times as many WL5
cells were found in the INL and GC layers as in the ONL. In cell more advanced embryonic stages. ED 7 embryos were la-
culture, a similar 3:1 ratio between WL nonphotoreceptor neurons beled with 3HT for 5 hr, and the region of the retina adjacent
with respect to photoreceptors was observed when the cells were to the choroid ®ssure was dissociated and plated in the
exposed to the in vivo microenvironment for 72 hr before isolation presence of the BrDU (see Materials and Methods). After 4
for culture. On the other hand, WL5 cells that were exposed to the days in vitro, the cultures were ®xed, processed for BrDU
in vivo microenvironment for only 24 hr gave rise predominantly
immunocytochemistry and autoradiography, and quantita-(84%) to photoreceptors and became nonphotoreceptor neurons in
tively analyzed to determine the frequency of window-la-only 16% of the cases.
beled photoreceptors and nonphotoreceptor neurons. The
data showed that in these cultures 80 { 0.6% of the WL7
cells gave rise to nonphotoreceptor neurons, while only 20
{ 0.59% became photoreceptors. Thus, it appears that WL7An average of 76 { 1.3% of the WL5 cells that had been
exposed to the in vivo microenvironment for 13 days follow- cells have, to a large extent, lost the capacity to give rise
to photoreceptors even when they are isolated from theing window-labeling differentiated into nonphotoreceptor
neurons, and 24{ 1.3% into photoreceptors (Fig. 8). Similar retina immediately after terminal mitosis, in marked con-
trast to the behavior of cells born at earlier stages of develop-results were obtained when WL5 precursors were isolated
for culture on ED 8; after 4 days in vitro, 68 { 3% of the ment (see above, and Adler and Hatlee, 1989). The paucity
of photoreceptor derivatives observed with WL7 in cultureWL5 cells had a nonphotoreceptor neuronal phenotype, and
32 { 3% had a photoreceptor phenotype in these cultures is consistent with our data showing that the generation of
photoreceptor cells in vivo is essentially over after ED 6.(Fig. 8). In stark contrast, when isolated for culture on ED
6, only 16 { 5% of WL5 cells showed a nonphotoreceptor
neuronal phenotype, whereas a striking 84 { 5% of WL5
cells differentiated into photoreceptors. (Fig. 8). DISCUSSION
There are two possible interpretations of these results. One
is that WL5 precursors are committed to speci®c fates, but These studies have shown that the window-label method
allows accurate determination, with a resolution of hours,there is differential survival of photoreceptor and nonpho-
toreceptor neuronal precursors in ED 6 and 8 cultures. The of the time of cell birth in the retina and other tissues during
chick embryo development. The window-labeling methodother possibility is that some or all of the WL5 cells remain
plastic after terminal mitosis, and change their differentiated had previously been used to examine cell birth of chick
retinal cells in vitro by Repka and Adler (1992a), who ad-fates as a function of their exposure to the retinal microenvi-
ronment prior to their isolation in culture. The differential dressed possible sources of concern such as interference be-
tween the uptake and incorporation of 3HT and BrDU. Be-survival model appears unlikely for several reasons. First,
overall survival of WL5 cells was similar in ED 6 and 8 cul- fore this method could be used to examine retinal cell birth
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in vivo, however, several additional methodological issues There are, however, some discrepancies among studies (in-
cluding ours) regarding the onset of ganglion cell birth andhad to be systematically examined, including possible detri-
mental effects upon the developing embryo, timing of 3HT the overall duration of the period of cell generation in the
chick retina (cf. Kahn, 1974; Spence and Robson, 1989; seeand BrDU detectability, and correlations between the dura-
tion of the WL interval and numbers of WL cells observed also Sechrist and Marcelle, 1996). Our results are closest to
those of Spence and Robson (1989), although they observed(see Repka and Adler, 1992a). Even though WL cells are by
de®nition BrDU(0), they could be affected indirectly by this generation of cells in the outer nuclear and ganglion layers
extending into more advanced stages than we did. Many ofprecursor through effects on other cells. Reassuringly, no
abnormalities in either embryonic survival or retinal devel- the apparent discrepancies between studies may be due to
differences in strains of chickens, incubation conditions,opment were observed with the protocol adopted for our
studies; however, possible effects of the labeling should be criteria for staging embryos, and manipulation of the eggs
before and after the embryos are staged (we have found, forreexamined whenever the technique is used to study other
developmental phenomena, or at earlier embryonic stages example, that as much as half a day in developmental delay
can result from the cooling of eggs during the manipulationswhen cells may be more susceptible to possible toxic ac-
tions of the DNA precursors. The experiments also showed necessary for opening shell windows). In spite of these dis-
crepancies, it emerges from our data and those in the litera-that the time of cell birth can be determined with a resolu-
tion of 30±45 min with the window-labeling technique; ture that cell generation for the various layers of the chick
retina lasts 3±5 daysÐa period much shorter than that ob-this is the time elapsed between administration of 3HT and
BrDU and their unambiguous detectability in retinal cells. served in other species with similar duration of total embry-
onic development; in the mouse, for example (Young, 1985),The reliability of the method is supported by the ®nding
that increasing intervals between 3HT and BrDU adminis- cone photoreceptor are generated between ED 10 and P3,
and rods between ED 12 and P11, i.e., periods severalfoldtration lead to predictable increases in the number of WL
cells, concomitant decreases in the number of BrDU(/) as long as those in the chick.
The WL technique allows not only the study of the differ-cells, and no changes in the frequency of unlabeled cells
(Repka and Adler, 1992a). It is noteworthy, therefore, that entiated fate of contemporary cohorts of precursors cells
when they develop within their normal microenvironmentthe technique allows reliable identi®cation not only of cells
born during a particular WL interval, but also of those cells in vivo, but also its comparison with their fate when they
are isolated from the retina and grown under experimentallyborn before and after that time.
controlled conditions in vitro. Such analysis, for example,
has added support to the notion that the developmental
Cell Birth of Speci®c Cell Types in the Chick potential of proliferating retinal precursor cells becomes re-
Retina stricted with developmental age, as suggested by our in vivo
observations (see above) and other studies (reviewed inSeveral generalizations about retinal histogenesis in the
chick embryo can be derived from our studies. First, there Cepko, 1993). Many precursor cells, on the other hand, ap-
pear to remain plastic (i.e., uncommitted to speci®c differ-does not appear to be an obvious ``inside-out'' or ``outside-
in'' pattern in the generation of cells in this tissue; rather, entiated fates) after terminal mitosis, as suggested by experi-
ments in which cells were window-labeled during a 5-hrthe birth of cells for the outer nuclear layer and ganglion
cell layer is completed before that of cells for the interven- period on ED 5, and isolated from the retina either on ED
6 or on ED 8. The contemporary WL5 cells gave rise predom-ing inner nuclear layer. Second, neither of the 5-hr-long WL
periods that we examined gave rise to fewer than two cell inantly to photoreceptor cells when isolated 24 hr after ter-
minal mitosis, but developed predominantly as nonphotore-types, but the number of different populations generated
during each period decreased from WL4 to WL8, and practi- ceptor neurons when they were allowed to interact with
the retinal microenvironment for 72 hr prior to their isola-cally no photoreceptors or ganglion cells were generated
after WL6. Taken together, these data are consistent with tion for culture (or when they continued their development
in vivo until ED 18). Since contributions from differentialthe concept that the developmental potential of proliferat-
ing precursor cells becomes progressively restricted over cell death appear unlikely on the basis of dye exclusion
and quantitative analysis of the cultures, the results aretime (cf. Cepko, 1993; and see below); this restriction could
affect the layers to which they migrate and/or the cell types consistent with the hypothesis that the differentiated fate
of many precursor cells is determined after terminal mito-into which they can differentiate.
Our results are in general agreement with those obtained sis, as suggested by other studies (cf. Price, 1989; Harris and
Hartenstein, 1991) including our own (Adler and Hatlee,in the chick embryo retina using either ``pulse'' or ``continu-
ing'' 3HT labeling, at least regarding the overall sequence 1989; Repka and Adler, 1992b).
Austin et al. (1995) also observed changes in the differen-in which cells are born and the extensive overlap in the
generation of different cell types (Fujita and Horii, 1963; tiated fate of chick retinal precursor cells as a function of
the stage at which they were isolated for culture; in contrastMorris, 1973, Kahn, 1974, Dutting et al., 1983; Spence and
Robson, 1989; Prada et al., 1991; Snow and Robson, 1994). to our results, however, they found predominant expression
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of ganglion cell ``markers'' (such as neuro®lament subunits) consisted of an initial injection of 15 mCi of 3HT, followed
5 hr later by 25 mg of BrDU, and by additional administra-when cells were isolated from younger embryos. This dis-
crepancy could be due to differences in culture media and tion of BrDU on ED 6 (5 mg), and ED 7 and 8 (10 mg each).
Embryos injected in this manner were compared with salinesubstrata, which could affect cell differentiation. It must
also be noted that, while cultured photoreceptors have been controls on ED 12, 14, 16, and 18, and did not show detect-
able changes in mortality or overall development. In addi-shown to resemble their in vivo counterparts by expressing
many molecular, structural and functional properties (re- tion, the retinas of window-labeled embryos appeared indis-
tinguishable from those of saline-injected controls by histo-viewed in Adler 1993), cultured ganglion cells have been
characterized almost exclusively on the basis of the detec- logical analysis (not shown); quantitative determination of
the number of cells in a region adjacent to the origin of thetion of immunocytochemical markers (Austin et al., 1995),
which could conceivably be transiently expressed by cells optic nerve, moreover, showed no noticeable differences in
cell numbers between experimental and control embryosthat are already differentiating, but are not yet committed
to a speci®c fate (see Larison and BreMiller, 1990). Ongoing (data not shown), supporting the contention that the label-
ing treatment is devoid of toxic effects upon retinal develop-studies with the window-label technique are investigating
whether microenvironmental conditions can switch these ment.
developmental choices of retinal precursor cells in retinal
cocultures and explants, and will also examine whether gan- Determination of the Lag between BrDU or 3HT
glion cell ``markers'' are transiently expressed by isolated Administration and Onset of Their Detectability
retinal precursor cells prior to the acquisition of photorecep- by Immunocytochemistry and Autoradiography
tor phenotype.
ED 5 chick embryos were ®xed 15, 30, 45, 60, 90, 120,
150, and 180 min after receiving 25 mg of BrDU; immunocy-
tochemical analysis of retinal sections showed thatAPPENDIX BrDU(/) cells could be readily identi®ed in embryos ex-
posed to BrDU for only 30±45 min. Another series of em-
Although the conditions necessary for reliable interpreta- bryos were ®xed at similar time intervals after receiving 15
tion of data generated with the window-labeling method
mCi of tritiated thymidine; autoradiographic analysis
were established by Repka and Adler (1992a) for cell culture showed that labeled cells (i.e., those showing at least three
systems in vitro, a series of pilot studies was necessary to silver grains over their nucleus) could also be identi®ed after
establish the equivalent parameters for chick embryos de- 30- to 45-min-long exposures to 3HT (data not shown).
veloping in ovo.
Determination of BrDU Availability
Toxicity Analysis Identi®cation of window-labeled cells require that, once
BrDU is administered, it should remain constantly availableAlthough BrDU has a variety of effects on cell differentia-
to proliferating cells, to ensure that the only cells thattion at high concentrations (e.g., Bannigan et al., 1981;
would be 3HT(/)/BrDU(0) would be those undergoing ter-Moore et al., 1986; Biggers et al., 1987; Sugimoto et al.,
minal mitosis during the de®ned time window between1988; Yen and Forbes, 1990), it has been reported that it is
3HT and BrDU administration. To investigate whether aapparently devoid of detectable toxic effects at the concen-
single BrDU administration was suf®cient to accomplishtrations used for cell proliferation studies (Miller and Nowa-
this goal, ED 5 chick embryos received 25 mg of BrDU and,kowski, 1988). To verify this contention, control experi-
3 hr before being ®xed on ED 6, 7, 8, 9, 10, 11, or 12, theyments were carried out at several stages during the develop-
received 15 mCi of 3HT. Combined autoradiography/BrDUment of the technique. In an initial group of experiments,
immunocytochemistry of retinal sections from these em-we veri®ed that BrDU concentrations lower than 40 mg/
bryos showed the presence of some 3HT(/)/BrDU(0) cellsembryo did not cause increased mortality or gross develop-
in ED 6±10 retinas, indicating that a single BrDU injectionmental abnormalities when administered to chick embryos
was not enough to ensure adequate availability of BrDU toat or after ED 5 (possible effects of BrDU administration at
cells that continue proliferating for several days after initialdevelopmental ages earlier than ED 4 were not investi-
administration of this precursor. However, no 3HT(/)/gated). Based on these ®ndings, an injection of 25mg/embryo
BrDU(0) cells were observed when an initial BrDU injectionon ED 5 was used as baseline for further studies necessary
was followed by daily ``booster'' BrDU injections as de-to establish other parameters of the technique, and toxicity
scribed above.studies were repeated as new permutations of the labeling
protocol were introduced to compensate for dilution of the
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